Seldom studied before, the vertical profile velocity is indicative of the flood process and nutrient transportation process. In this paper, a substitution of cross section hydraulic radius with vertical depth was made to the Manning formula, which was then applied in the vertical profile velocity (3) Analysis of the determination error and the coefficient of variation showed a positive correlation with the river aspect ratio. This seems to suggest that the modified Manning formula tends to be more applicable in narrow and deep rivers. More measurements from rivers or channels with a high aspect ratio would be meaningful for future research.
INTRODUCTION
where V (m/s) is the averaged river velocity, n is the Manning's roughness coefficient, R (m) is the hydraulic radius of the cross section and S is the channel slope; k is a conversion coefficient, internationally accepted as 1 (SI units). The hydraulic radius is the ratio between the cross-sectional area and the wet perimeter. In U-shaped cross sections, it is commonly approximated by the width (W) along with the depth 
where V P (m/s) is the vertical profile velocity in the stream wise direction. The mentioned substitution has already been adopted for the reason of simplification even in cross section velocity determination (Kirby et Ten river sections were selected according to the following criteria: a smooth and regular inner river wall; no flood regulation; no turbulence caused by large obstacles, dams or waterfalls. The attributes of the ten river sections are shown in Table 1 .
Data collection and processing

Field campaign
Ten river sections were surveyed under a moderate water level period (September 2011), and surveys were then repeated at the same cross sections in the flood season (January 2012). This provided cross-sectional profiles of water surface width, depth, velocity, discharge and river bed elevation for seven cross sections evenly distributed along the 300 m river reach. At every cross section, five to ten vertical profiles evenly distributed along the river width were sampled. Each vertical profile was positioned 0.5-2 m apart depending on the river top width (Figure 1 (b) and 1(c)). In addition, the roughness coefficient of each cross section was estimated during the field campaign. In total, 140 cross sections and 1050 vertical profiles were sampled.
River slope calculation
River gradient is an essential parameter for the application of the modified Manning formula in a river vertical profile. The bed slope between cross sections was then calculated and calibrated in the hydraulic model.
Acoustic Doppler Qliner
The river cross-sectional and vertical-profile hydraulic infor- This methodology provided a reliable database for our study.
Model calibration and validation
Hydrologic Engineering Centers River Analysis System and 1 m DEM data, HEC-RAS models for ten selected river sections in the Stör catchment were set up and calibrated, and during this process a combination of roughness and bed gradient calibration was involved. Due to the difficulty in determining a representative Manning's n value, our main attention was focused on roughness calibration to achieve the minimum error between real measured and modeled water surface elevations, maximum depth, hydraulic depth and mean cross-sectional velocity. Finally, the averaged errors between measured and modeled data of all the models were within ±5% (Song et al. ). The dataset from January 2012 was used for model validation, and the validation quality is shown in Table 2 . The HEC-RAS output and field surveyed data were positively correlated in the validation model.
All the correlation coefficients were higher than 0.9. This indicated reliable performance of the steady model, and provided the basis for the application of the modified Manning formula.
With the calibrated and validated river slope and roughness, the modified Manning formula was applied to determine the vertical profile velocity. The synthetic vertical velocity was compared with the real measured data to assess the determination accuracy and uncertainty. The flow diagram of this study is shown in Figure 3 .
RESULTS ANALYSIS
Regression of synthetic data against measured velocities of all the data Linear fit analysis for all the data showed regression coefficients of 1. The coefficient of determination (R 2 ) of the This strengthens the conclusion mentioned before -the improved Manning formula (2) works better under higher water depth.
Determination error, water depth and aspect ratio (w/d)
The velocity determination was affected by different hydraulic conditions. According to Table 3 , the catchment size, discharge, water depth and width are correlated with each other, while the aspect ratio is independent from other parameters. Besides, the previous results showed higher determination quality in the flood season and in the middle part of the cross section. Therefore, we mainly focus on the effects of water depth and aspect ratio on the determination quality of the modified Manning formula.
Water depth
The error and water depth of each vertical profile was ana- A similar trend existed between the CV of relative error and water depth, and the inverse proportional trend was even more regular and distinct (Figure 8(b) ). This seems to suggest that when the water depth was greater, the determination errors of the profile velocities from the middle part of the cross sections were closer to each other and the determination quality was relatively higher. The distribution histogram exposed that nearly 50% of the CV were less than 0.1.
Aspect ratio
The averaged cross-sectional relative error and its CV under similar aspect ratio bands were calculated, and the results are shown in Figure 8 (c) and 8(d). The plot revealed the positive proportion between aspect ratio and the other two parameters when the aspect ratio was under 15. When the aspect ratio was higher than 15, the trend becomes uncertain. There were around ten cross sections with an aspect ratio higher than 15 and valued from 15 to 30 in our study. Due to the insufficient number and wide range of the samples, the analysis of the cross-sectional parameters with an aspect ratio higher than 15 failed to represent the real situation. Figure 9 reveals the reach averaged determination error and its CV under different aspect ratio conditions. When the aspect ratio was under 15, the error and its CV increased with the aspect ratio. Although the determination error and its CV from river reaches with higher aspect ratios decreased, the insufficient amount of measurements leads to a need for further experiment in the future.
DISCUSSION
The advantage of the modified formula
The method proposed by Shiono and Knight (SKM) provides an analytical solution, and has been most widely adopted for the vertical profile velocity and its lateral distribution determi-
Along slightly different lines to the SKM, many vertical profile The modified formula proposed in this paper adopted three parameters: the Manning coefficient, water depth and river bed slope. All three parameters are easier to measure compared to the parameters in SKM, which simplified the calculation process significantly. Therefore, the main advantage of this formula is the distinct reduction of data collection and computation effort with acceptable accuracy.
Although the synthetic results near the bank showed higher error, this method is still quite significant for basic hydrology research due to the low velocity and discharge portion near the bank.
Accuracy and uncertainty
Results analysis indicated that the modified Manning formula is applicable for the determination of vertical profile velocity, especially in the middle part of the river. Data from the flood season show a better regression quality.
Further analysis for vertical data from the middle region of each cross section revealed that the removal of data near the river bank will largely improve the conformity of 
The effect of aspect ratio
The hydraulic radius is defined as the ratio of the cross section area to the wet perimeter (R ¼ W*D/P). In the rectangular or trapezoid-shaped cross sections where the width is much larger than the depth, the wet perimeter is closer to the river width, while the hydraulic radius is closer to the depth. This suggests better interchangeability between the hydraulic radius and water depth in rivers with a large aspect ratio.
When researchers estimated mean river velocity with river depth instead of hydraulic radius with the Manning formula in the laboratory, the error of determination was inversely proportional to the aspect ratio (Yang & Wen ; Jia et al. ) .
Further research on the rectangular river cross section clearly demonstrated that when the aspect ratio is higher than 100, the error caused by substitution of the hydraulic radius with depth was no more than 2%, but when the aspect ratio is around 20, the error was as high as 7%, and it was even higher under a lower aspect ratio. In a triangular or U-shaped cross section, the determination accuracy is slightly higher than the rectangular cross section under the same aspect ratio conditions (Yang & Wen ) .
However, in our study, a positively proportional relationship between determination uncertainty and the aspect ratio was found. One possible reason might be the lateral shear stress, which is related to the aspect ratio.
According to research involving 14 rivers with an aspect ratio ranging from 5 to 25, the influence of lateral shear stress decreased with the increase of aspect ratio (McGahey et al. ). In wide, shallow channels, the side walls influenced the channel centre less and the flow was mainly dominated by bed-generated turbulence, while in a narrow deep river the side walls had a stronger influence with greater lateral shearing. The higher disturbance from the bed-generated turbulence in wide shallow rivers would require more detailed hydraulic information near the measured vertical, in addition to depth and Manning roughness. This might corroborate the better applicability of the modified Manning formula in narrow, deep rivers.
CONCLUSIONS
Based on data sampled from field campaigns during the moderate water level season and flood season in ten subcatchments, the application of the modified Manning formula (2) in determining the river vertical profile velocity was analyzed in this paper. Determination accuracy was studied using the linear regression method. The influence of the water depth and aspect ratio on the relative error and coefficient of variation (CV) of the error were explored.
The observations in this paper led to the following conclusions:
1. Regression analysis between V S and V M showed that the modified Manning formula provides a valid and effective method for vertical profile velocity determination, especially in the middle part of the cross section or during the flood season.
2. Determination error and CV were negatively proportional to the river depth, and were positively proportional to the aspect ratio.
3. The modified formula tends to be more applicable in relatively narrow and deep rivers. More measurements need to be collected to verify the accuracy in rivers with an aspect ratio higher than 15.
The applicability and uncertainty study of the replacement of the hydraulic radius with real water depth in determining the vertical profile velocity with a modified Manning formula is worth further research to reveal the effect of hydraulic conditions on lateral flow dynamics.
More application of the modified Manning formula in catchments with various hydrological conditions, especially under high aspect ratio conditions, would be a good resource for future research and would provide more knowledge related to concrete situations.
